INTRODUCTION
Methylobacterium extorquens strain AM1 is a pink facultative methylotroph able to grow on methanol, methylamine and multicarbon compounds, but not on methane. It used to be called Pseudomonas AM1 or Methylobacterium AM 1, but it has been recently renamed (Green et al., 1988) . Like all methylotrophic bacteria growing on methanol it contains at least two periplasmic c-type cytochromes (Anthony, 1982 (Anthony, , 1986 . Cytochrome CH is a small, basic, cytochrome c, donating electrons to the oxidase (O'Keeffe & Anthony, 1980a; Anthony, 1986; Fukumori & Yamanaka, 1987) ; its amino acid sequence is typical of the Class I c-type cytochromes whose function is electron transfer between the bc1 or bf complexes and terminal oxidases or photosynthetic reaction centres (Ambler, 1982 ; R. P. Ambler, personal communication) .
Cytochrome CL, by contrast, is a larger, acidic, cytochrome which is specifically involved in electron transfer from the quinoprotein methanol dehydrogenase (O'Keeffe & Anthony, 1980a; Beardmore-Gray et al., 1983; Anthony, 1986; Nunn & Lidstrom, 1986b) . That it is relatively large (about 19 kDa) but contains only one haem indicates a structure that does not conform to any of the types in the Class I cytochromes. Attempted amino acid analysis showed it to be blocked at the Nterminal; it has been more convenient, therefore, to deduce its protein sequence by way of its gene sequence.
The cytochrome CL gene has recently been cloned from Methylobacterium extorquens and expressed in Escherichia coli (Nunn & Lidstrom, 1 986a,b; Anderson & Lidstrom, 1988 (Nunn & Lidstrom, 1986a,b; Anderson & Lidstrom, 1988) . Each of these fragments was independently ligated into the Sall site of previously digested pT7T319U DNA, and clones were selected containing the inserted fragments in both possible orientations. DNA was purified from each of the resulting four clones and, depending on the fragment, digested with either BamHI (1.0 kb XhoI-XhoI fragment) plus Sacl, or SmaI (1.2 kb Xho-SalI fragment) plus Sacl to generate 5' and 3' protruding ends. The technique of Henikoff (1984) was used to generate a nested set of deletions of each of the cloned fragments, essentially as described, except that mung bean nuclease was substituted for S1 nuclease. All deletion derivatives were transformed and maintained in E. coli strain TB1, a restriction minus derivative of E. coli JM83 (Messing, 1983; BRL Focus, 1984 run in duplicate using both dGTP and dITP to resolve any compression that might arise due to the high G + C (%) content of Methylobacterium DNA. Initial attempts to purify single stranded DNA templates from deletion derivatives described above yielded insufficient DNA for sequencing. Therefore, deletion derivatives of the cloned fragments in pT7T319U were digested with HindlIl and EcoRI and the resulting fragments transferred to bacteriophage Ml3mpl9 DNA. Single-stranded template DNA was then prepared from transfected isolates of E. coli strain JM105 as described by Messing (1983) . DNA sequence data were compiled by computer and verified by re-reading gels for comparison with previously entered data.
Protein sequencing
The cytochrome CL was purified by a modification of that described by O' Keeffe & Anthony (1980a) in which the final purification was achieved by anion exchange chromatography by f.p.l.c. on a Mono-Q column.
Preliminary work had demonstrated (as confirmed by the DNA sequence work) that the N-terminal of cytochrome CL is blocked. In order to generate peptides for sequencing the protein was digested with hydroxylamine, which cleaves between asparagine and glycine residues (Croft, 1980) . The reaction mixture, consisting of 6 Mguanidinium chloride and 2 M-hydroxylamine hydrochloride, was prepared by dissolving the solids in the minimum volume of 4.5 M-LiOH which was used to adjust the solution to pH 9.0. Lyophilized cytochrome CL (2 mg) was dissolved in 400,1 of hydroxylamine reagent and incubated at 45°C for 6 h. The reaction was terminat-ed by titration to pH 2.5 with 90 % (v/v) formic acid. The cytochrome was desalted by gel filtration on a column of Sephadex G-25 (PD10 column) equilibrated with 50 mM-acetic acid (the pH was measured as 3.0).
In an attempt to remove the blocking pyroglutamate, the cytochrome CL (18 nmol) was treated with pyroglutamate aminopeptidase [0.2 mg dissolved in 1 ml of 0.1 .M-sodium phosphate buffer (pH 8.0) containing EDTA (10 mM) and dithiothreitol (5 mM)]. The reaction mixture was incubated for 16 h at 20°C and then desalted into 20 mM-sodium phosphate buffer (pH 7.0). The method is based on that of Podell & Abraham (1978) .
Amino acid sequences were determined using an Applied Biosystems 470A 'gas phase' (pulsed liquid) protein sequencer coupled to a model 120 PTH derivative analyser.
RESULTS AND DISCUSSION DNA sequence
The DNA sequence of the gene for cytochrome CL (MoxG) is presented in Fig. 1 together with the deduced amino acid sequence. The numbering system is that used in describing the complete 2.2 kb fragment (containing the gene) whose sequence was submitted to the EMBL library (accession no. X07856). The G + C (%) ratio for the whole fragment is 65.3 %, and that for the MoxG gene is 65.1 %. This is the first DNA sequence from a pink facultative methylotroph that has been published, and, for comparison with possibly-related organisms that might be used for future molecular biology of methylotrophs and related bacteria, the codon usage is presented in bias in this or,ganism against the A/T ending in triplets:
91 % of codons terminate in C or G. A similar high proportion of codons terminating in C or G (85-87 %) has been noted in Rhodobacter (Davidson & Daldal, 1987) and Paracoccus (Harms et al., 1987; Kurowski & Ludwig, 1987; Steinrucke et al., 1987) (Table 1) . Together with other data, this has led Steinrucke et al. (1988) to suggest that these two organisms are in the same (a-3) division of the eubacterial kingdom (Woese, 1987) ; .this division may well include, therefore, the pink facultative methylotrophs such as Methylobacterium extorquens. This suggestion is further supported by observations on the signal peptides of the three genera (see below).
Protein sequence
The 2.2 kb fragment contains the structural gene for cytochrome CL (Nunn & Lidstrom, 1986a ; Anderson & Lidstrom, 1988) , and the chosen reading frame is consistent with the size ofthe proteins coded by this fragment, -based on its expression in E. coli, using a coupled in vivo .!988
Sequence of cytochrome CL of a methylotroph T7 RNA polymerase/promoter gene expression system (Anderson & Lidstrom, 1988 Kurowski & Ludwig (1987) .
prolyl-pair would be consistent with the failure of pyroglutamate aminopeptidase to catalyse the removal of the pyroglutamate residue and hence to release the Nterminal sequence for amino acid analysis because this aminopeptidase does not catalyse the hydrolysis of N-terminal peptide bonds between pyroglutamate and proline (Podell & Abraham, 1978) . Further evidence that the deduced amino acid sequence corresponds to that of cytochrome CL is the result of treatment with hydroxylamine, which cleaves proteins between asparagine and glycine residues (Croft, 1980) . That there are two such pairs in the deduced sequence of cytochrome CL (Fig. 1) is consistent with the observation that two (unblocked) peptides were generated by treatment with hydroxylamine; their N-terminal sequences were as follows: Gly-Glu-Ser-Leu-Phe and Gly-MetMet-Gly-Pro (indicated by a broken line in Fig. 1) .
The deduced signal peptide is shown underlined in Fig.  1 . It starts with a methionine, coded by ATG, which is 10 bp downstream from a typical ribosome-binding site (the Shine-Dalgarno sequence underlined in Fig. 1 ). Possession of a signal sequence is consistent with the known periplasmic location of this c-type cytochrome (Alefounder & Ferguson, 1981; Ferguson, 1988) . The signal peptide is typical of Gramnegative bacteria, having a pair of positively-charged residues, which are probably involved in binding to the negatively-charged outer phospholipids of the periplasmic membrane. These are followed by a stretch of hydrophobic residues, essential for transport of the cytochrome across the membrane, and the peptide terminates in the peptidase recognition and cleavage site. Fig. 2 shows the sequence of this part of the signal peptide for cytochrome CL together with those for other periplasmic proteins from Paracoccus denitrificans and Rhodobacter species. The marked similarity of these sequences provides further support for the suggestion that Methylobacterium may be considered to be in the same division of the eubacterial kingdom as Paracoccus and Rhodobacter (see above).
Cytochrome CL is soluble, it has a high midpoint redox (a)
nt) (O) potential (256 mV at pH 7), it has absorbance maxima in the reduced state at about 550 nm and in the oxidized state at 695 nm, it is low spin, and it has histidine and methionine as the fifth and sixth ligands to the single haem (O'Keeffe & Anthony, 1980a,b; Beardmore-Gray et al., 1982) . In these respects it appears to be typical of cytochromes c belonging to Class I as proposed by Ambler (1982) . That it is not typical of this class of cytochromes, however, has been previously indicated by its novel function, its large size (about 19 kDa), its reaction with carbon monoxide (albeit slow and incomplete), its rapid autoreduction at high pH and the response ofits redox potential to changes in pH (O'Keeffe & Anthony, 1980a,b; Beardmore-Gray et al., 1982) .
Except for the haem-binding site, the sequence of cytochrome CL shows no homology with any cytochromes in the EMBL databases; in particular, none of the conserved features of c-type cytochromes are seen in the sequence of cytochrome CL. One key feature of special importance in a typical Class I cytochrome c is the sixth ligand methionine which is usually about 60 residues (or more) towards the C-terminal from the haem-binding histidine. In cytochrome CL the three methionines are all within 50 -residues of this histidine, and the sequences around the methionines bear no relation to those around the methionines of other c-type cytochromes. This is consistent with the previous observations of cytochrome CL that have indicated that it may have an unusual environment for the haem (O'Keeffe & Anthony, 1980a,b; Beardmore-Gray et al., 1982) , and that the axial methionine ligand has a novel configuration, as directly observed by n.m.r. studies (preliminary results quoted by Santos & Turner, 1988) .
The position of many aromatic and lysine residues in the polypeptide chains of c-type cytochromes are highly conserved. The lysine residues arranged around the haem pocket are of particular importance in binding cytochrome c to its electron donors and acceptors (terminal oxidase or photosynthetic reaction centres). That there is no obvious homologous arrangement of lysines in cytochrome cL, as shown in the present work, is not surprising because this cytochrome is unlikely to involved in reaction with the oxidase (Anthony, 1986 . Its function is to reaction with methanol dehydrogenase and with the small basic cytochrome CH. This reacts with the oxidase and is similar in structure to other such Class I cytochromes; its lysines are likely, therefore, to be involved in binding to carboxylate residues on the oxidase and on the cytochrome CL. It might be expected, therefore, that we will find conserved regions ofcarboxylate residues around the haem cleft of all cytochromes CL in our future work on this novel class of cytochromes.
